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Application of the kinetic method based on the dissociation of transition metal centered cluster
ions is extended from chiral analysis (Tao, W. A.; Zhang, D.; Nikolaev, E. N.; Cooks, R. G.
J. Am. Chem. Soc. 2000, 122, 10598) to quantitative analysis of isomeric mixtures, including those
with Leu/Ile substitutions. Copper(II)-bound complexes of pairs of peptide isomers are
generated by electrospray ionization mass spectrometry and the trimeric complex
[CuII(ref)2(A) 2 H]
1 (analyte A, a mixture of isomeric peptides; reference compound ref,
usually a peptide) is caused to undergo collisional dissociation. Competitive loss of the neutral
reference compound or the neutral analyte yields two ionic products and the ratio of rates of
the two competitive dissociations, viz. the product ion branching ratio R is shown to depend
strongly on the regiochemistry of the analyte in the precursor [CuII(A)(ref)2 2 H]
1 complex
ion. Calibration curves are constructed by relating the branching ratio measured by the kinetic
method, to the isomeric composition of the mixture to allow rapid quantitative isomer analysis.
(J Am Soc Mass Spectrom 2001, 12, 490–496) © 2001 American Society for Mass Spectrometry
The kinetic method [1, 2] provides access to vari-ous thermochemical parameters, including gas-phase proton affinities [3–8] and other cation
affinities (e.g., Ca21 [9], NO1 [10], Fe1 [11], Cl1 [12],
Na1 [13]), acidities [14], basicities [7], ionization ener-
gies [15], and electron affinities [16]. Low-energy colli-
sional dissociation of a cluster ion, the central atom of
which is simultaneously loosely bound to two or more
ligands, is used to cause competitive loss of the ligands.
The kinetics of these reactions is related to the relative
thermochemical properties of the two reaction channels.
The method is especially useful for nonvolatile biological
molecules for which equilibrium measurements cannot be
performed. Recently, the kinetic method has been ex-
tended to chiral analysis of such biological molecules as
amino acids [17], peptides [18], a-hydroxy acids [19],
and model drugs [20]. Enantiomeric mixtures can be
rapidly analyzed, even for enantiomers present in only
a few percent enantiomeric excess (ee).
Here we evaluate the capability of the kinetic method
for differentiation and quantitation of mixtures of isomers.
Differentiation of isomers using mass spectrometry is
frequently achieved by collision-induced dissociation
(CID) of their molecular ions or the protonated molecules
[21–23]. The ease with which these distinctions are made
differs greatly from case to case. In some cases, high
internal energy deposition and extensive fragmentation is
needed in order to observe distinctive patterns often
associated with the degree of loss of one small neutral
such as a water [24, 25]. De novo interpretation of the
results requires good knowledge of the three-dimen-
sional structures of the isomeric ions [24]. Quantitative
analysis of isomers based on the above methods is not
necessarily straightforward [26, 27].
There is continuing interest in characterization of
peptides, in part as an increasing number of synthetic
peptides are developed for pharmaceutical applica-
tions. Mass spectrometry is currently acknowledged as
a method of choice for peptide analysis, especially
when only very small quantities or mixtures are avail-
able. Other techniques such as ion mobility spectro-
metry (IMS) have been coupled with mass spectrometry
to add another dimension to these identifications [28].
In many experiments, peptide ions are generated by
soft ionization such as electrospray ionization (ESI) [29]
and matrix-assisted laser desorption/ionization (MALDI)
[30] and then subjected to CID [31] or surface-induced
dissociation (SID) [32] to provide structurally signifi-
cant fragment ions that occur randomly in the peptide
chain and result in a series of backbone fragment ions
[33]. Formation of peptide fragments during digestion
of proteins may yield isomers that are difficult to
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identify and complicate protein sequencing [34]. Differ-
entiation of these peptides by mass spectrometry re-
quires extensive fragmentation usually associated with
complicated spectra that are difficult to interpret.
It has long been recognized that the introduction of a
transition metal into a system greatly alters—and often
dominates—intermolecular interactions. Leary and co-
workers have used different transition metal ions to
coordinate to oligosaccharides and the mode of subse-
quent dissociation of these complexes provides infor-
mation on the linkage positions between monosaccha-
ride units [35]. Schwarz et al. have studied stereochemical
effects on C–H and C–C bond activation, mediated by the
first row transition metal ions Cr1 to Cu1 [36]. In one of
many related examples, Cu1 and Cu21 were used by
Lavanant et al. to promote backbone fragmentations of
arginine- and lysine-containing dipeptides [37]. Previ-
ous work from our laboratory on chiral analysis em-
ployed transition metal clusters of amino acids and
indicated that transition metal ions promote multiple
interactions between ligands, e.g., between a chiral
analyte and a chiral reference (ref) which serves as the
chiral auxiliary, and so facilitates chiral recognition [17].
In the absence of solvent in the mass spectrometer all
interactions must be between the ligands and this
increases the importance of the chiral reference com-
pound and the strength of the metal–ligand interactions
and facilitates the study of intrinsic chiral interactions in
the complex. In the present study, we apply a similar
methodology to the analysis of isomeric mixtures. The
analysis of isomeric peptides differing in amino acid
sequences or having residues with the same mass (i.e.,
a leucine/isoleucine substitution) is demonstrated. The
cluster ion includes the analyte (A) (a dipeptide, either
as a single isomer or an isomeric mixture), a reference
compound (ref), and a transition metal ion. The ther-
mochemical and kinetic basis for this new approach to
isomer differentiation is investigated. The roles of the
reference compound as the auxiliary ligand and that of
the metal ion in promoting the distinction of these
peptide complexes, however, are not the main focus of
this study. This initial investigation seeks to confirm
that significant and useful effects are observable. Cop-
per(II) ion is chosen in the present study and the
reference compounds are selected from common amino
acids and peptides.
Experimental
Instrumentation
Mass spectrometric experiments were carried on a
quadrupole ion trap mass spectrometer (Finnigan LCQ,
San Jose, CA), equipped with an ESI source and oper-
ated in the positive ion mode as follows: spray voltage,
5.00 kV; capillary voltage, 3 V; heated capillary temper-
ature, 150 °C; tube lens offset voltage, 20 V; sheath gas
(N2) flow rate, 30 units (roughly 0.75 L/min). In the full
scan MS2 and MS3 modes, the parent ion of interest was
first isolated by applying an appropriate waveform
across the endcap electrodes of the ion trap to reso-
nantly eject all trapped ions, except those of the m/z
ratio of interest. The isolated ions were then subjected to
a supplementary ac signal to resonantly excite them and
to cause CID. Values of the dimensionless Mathieu
parameter qz used for resonance excitation and reso-
nance ejection were 0.25 and 0.83, respectively. The ion
excitation time for CID was 30 ms with the amplitude of
the excitation ac being optimized in each experiment,
but being kept constant for the measurements of each
pair of two isomers. (Nominal CID amplitude values in
this instrument range from 0% to 100% relative collision
energy corresponding to 0 to 2.5 V zero-to-peak reso-
nant excitation potential.) Optimization of the CID
activation level was such as to allow the observation of
the largest selectivity while still giving a sufficiently
accurate abundance ratio measurement. Typically, the
CID energy used was such that both product ions had a
relative abundance of at least 5%, expressed relative to
the base peak. Spectra shown represent the average of
about 50 scans, each requiring 200 ms. Mass/charge
ratios (m/z) are reported using the Thomson unit (1
Th 5 1 atomic mass per unit positive charge [38]).
Reagents
Amino acids used in this work were all l-enantiomers and
the peptides were comprised of amino acids of this con-
figuration purchased from Bachem (Torrance, CA) and
Sigma Chemical (St. Louis, MO). Copper chloride dihy-
drate was purchased from Aldrich Chemical (Milwaukee,
WI). All reagents were used without further purification.
Sample solutions were prepared by dissolving four
equivalents of peptide and one equivalent of copper
chloride in a 50:50 v/v aqueous methanol solvent to a
final concentration of 100 mM for each peptide, and 25
mM in copper(II) chloride. The sample was infused via
a syringe pump at a flow rate of 1–2 mL/min.
Results and Discussion
Methods for Isomeric Mixture Analysis
The fundamental concept of isomeric mixture analysis
based on the kinetic method is shown in eq 1:
AO¡
Cu(II), ref
[CuII(ref)2(A) 2 H]
1
m
n
[CuII(ref)(A) 2 H]1 1 ref
[CuII(ref)2 2 H]
1 1 A
(1)
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Singly charged trimeric cluster ions [CuII(ref)2(A) 2
H]1 are mass selected and collisionally excited in a
quadrupole ion trap where they are dissociated com-
petitively to form the dimeric complexes [CuII(A)(ref) 2
H]1 and [CuII(ref)2 2 H]
1 by the loss of a neutral ref-
erence compound, ref, or analyte, A, respectively. The
difference in stability of the fragment ions [CuII(A)(ref) 2
H]1, due to the two isomeric configurations of the
analyte A, results in differences in the corresponding
product ion abundances, measured relative to the abun-
dance of [CuII(ref)2 2 H]
1. The relative branching ratio
R (eq 2) depends on the structure of the peptide, A:
R 5 [CuII(A)(ref) 2 H]1/[CuII(ref)2 2 H]
1 (2)
When the analyte contains a pure isomer, AM or AN, the
branching ratio R is given as RM or RN, and the ratio of
RM to RN, defined as Riso, measures the efficiency of
isomer distinction:
Riso 5 RM/RN
5
[CuII(AM)(ref) 2 H]
1/[CuII(ref)2 2 H]
1
[CuII(AN)(ref) 2 H]
1/[CuII(ref)2 2 H]
(3)
The more the Riso value differs from unity, the higher
the degree of isomer distinction. Riso 5 1 indicates a
lack of discrimination, which means that the particular
combination of copper(II) ion and reference ligand fails
to create stereochemically distinctive interactions with
the isomers under the observation conditions em-
ployed.
Formation and Dissociation of Gaseous Cu(II)–
Peptide Cluster Ions
Singly charged cluster ions ([CuII(A)n 2 H]
1 (A 5 pep-
tide, n 5 2, 3, 4) can be generated efficiently in the gas
phase by electrospray ionization of Cu(II)–peptide mix-
tures. This is typified by the case of a Cu(II)/Phe-Gly
mixture, the ESI mass spectrum of which is illustrated
in Figure 1. Other ions, including the chlorinated singly
charged species [CuII(A)2Cl]
1, a reduced Cu(I) complex
[CuI(A)]1, protonated cluster ions, and a few unidenti-
fied ions, are also observed. As in the analogous spectra
of amino acids [17, 39], no Cu(II)-bound peptide mono-
mers ([CuII(A) 2 H]1) are observed in the spectra.
Figure 2 shows the CID spectrum of a typical cop-
per(II)-bound dimeric cluster ion, [CuII(Phe-Ala)(Ala-
Leu) 2 H]1. Instead of the loss of an intact neutral
molecule, the main fragment ions in this case arise by
loss of CO2 and by loss of the C7H7 sidechain of one
amino residue in the peptide. Consistent with previous
reports [17], the copper(II)–peptide dimeric cluster ions
appear to be covalently bound, as judged by the loss of
molecular fragments in their CID spectra.
By contrast with the behavior of the dimeric cluster
ions, the Cu(II)–peptide trimeric cluster ions
[CuII(A)3 2 H]
1 fragment simply by the loss of a neu-
tral ligand to form deprotonated dimeric cluster ions.
These ions are of great interest from the standpoint of
the kinetic method, since they appear to be tetra-
coordinated and loosely bound, as evidenced by the
occurrence of low energy CID. Figure 3 shows the
product mass spectra of trimeric cluster ions
[CuII(ref)2(A) 2 H]
1 (ref 5 Phe-Gly, A 5 mixtures of
peptides, Ala-Leu and Leu-Ala, in different propor-
tions). The results indicate that the branching ratio for
these fragmentations depends strongly on the regio-
chemistry of the peptide when the same reference
ligand is used. When A is pure Ala-Leu, the branching
ratio R is 0.66 (Figure 3a), whereas R is 1.9 for pure
Leu-Ala (Figure 3c). When A is a mixture of equal
amount of Ala-Leu and Leu-Ala, R becomes 1.1 (Figure
3b). The isomeric selectivity factor, Riso, is found to be
2.9 in this case.
Figure 1. ESI mass spectrum of copper(II)/Phe-Gly solution.
Major cluster ions are indicated. The spectrum was obtained for a
50/50 methanol/water solution of 100 mM Phe-Gly and 25 mM
CuCl2 z 2H2O.
Figure 2. Product ion (MS/MS) spectrum of [63CuII(Phe-
Gly)(Ala-Leu) 2 H]1 (m/z 486) generated by resonance excitation
at 275 mV for 30 ms.
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Differentiation of Isomeric Peptides
Isomeric distinction was achieved for six pairs of dipep-
tides, indicated by the Riso values as summarized in
Table 1. The choice of appropriate references, mainly
taken from among the peptides, was based in part on
their assumed abilities to produce large steric interac-
tions, as well as their structural similarity to the analyte,
because the latter characteristic allows ready complex
formation. It also allows accurate measurements of
relative abundance ratios, otherwise dissociation pro-
ceeds overwhelmingly to the more stable product. The
reference compounds selected here may not necessarily
be the best ones to achieve accurate, large distinctions
and it is not the intent of this study to optimize for this
parameter. Ligand interactions are direct or only medi-
ated by the metal ion, the effect of the reference com-
pounds on isomeric distinction is therefore expected to
be very significant. Incomplete comparisons collected in
Table 2, support this conclusion. For example, the Riso
values for the distinction of Phe-Pro and Pro-Phe pep-
tides range from 3.49 to 4.98 when Phe-Phe and Tyr-Phe
are used as the reference compounds, respectively.
Differentiation of leucine- and isoleucine-containing
isomeric dipeptides is usually difficult [40], especially
for the cases in which the leucine or isoleucine residue
is located at the N-terminus. This is also the case in the
present study, when Phe-Gly is used as the reference
compound. On the other hand, with abrine (N-methyl-
tryptophan) as the reference compound, large distinc-
tions are observed, particularly for Leu-Ala/Ile-Ala
isomers, where Riso is improved from 1.06 to 2.31.
Quantitative Analysis of Isomeric Mixtures
Figure 3 indicates that for a mixture of two isomeric
dipeptides, the relative proportion of each isomer
causes a corresponding change in the R value. The first
step in quantitative analysis of isomeric mixtures, there-
fore, is the construction of the calibration curve between
R and the molar fraction (a) of one isomer. If a relatively
simple relationship between R and a can be found, then
rapid determination of mixture components will be
possible by simply measuring the branching ratio R
value in a single tandem mass spectrum.
Two pairs of isomeric peptides, Phe-Pro/Pro-Phe,
Figure 3. Product ion (MS/MS) spectra of [63CuII(A)(ref)2 2 H]
1
(A 5 mixture of Ala-Leu and Leu-Ala, ref 5 Phe-Gly, m/z 708).
The CID activation level is chosen as 11%, corresponding to
approximately 275 mV ac.
Table 1. Distinction of isomeric dipeptidesa
A ref
[CuII(ref)(A) 2 H]1/
[CuII(ref)2 2 H]
1 Riso
Ala-Leu Phe-Phe 35.8 2.63
Leu-Ala 13.6
Ala-Ile Phe-Gly 0.892 1.85
Ile-Ala 1.65
Gly-Ala Trp 14.2 3.15
Ala-Gly 4.51
Gly-Phe Ile-Ala 3.59 1.45
Phe-Gly 5.20
Phe-Pro Tyr-Phe 11.1 4.98
Pro-Phe 2.23
Tyr-Phe Phe-Phe 3.37 2.36
Phe-Tyr 7.94
aCID activation level is optimized in each experiment and then kept
constant for the measurement of the isomers.
Table 2. Influence of the reference compound
Isomeric
peptidesa
Reference
(ref) Riso
Ala-Leu/Leu-Ala Gly-Phe 2.00
Ala-Phe 2.38
Abrine 2.52
Phe-Gly 2.88
Phe-Phe 2.63
Phe-Pro/Pro-Phe Phe-Tyr 4.47
Tyr-Phe 4.98
Phe-Phe 3.49
Tyr-Phe/Phe-Tyr Pro-Phe 1.12
Phe-Pro 1.22
Phe-Phe 2.36
Ala-Leu/Ala-Ile Phe-Gly 1.39
Abrine 1.58
Leu-Ala/Ile-Ala Phe-Gly 1.06
Abrine 2.31
aCID activation level is optimized in each experiment and then held
constant for the measurement of the isomers.
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positional isomers, and Ala-Leu/Ala-Ile, isomers con-
taining the same mass residues, were selected to per-
form calibration studies. Individual R values were
measured using a single isomer as the reference com-
pound and the analyte prepared by mixing two isomers
in various proportions. The experiments focused on
mixtures with extreme a values, since these are nor-
mally difficult to analyze accurately. Linear relation-
ships of ln(R) versus a were obtained with a correlation
coefficient (r2) of 0.9987 and 0.9914 for mixtures of
Phe-Pro/Pro-Phe and Ala-Leu/Ala-Ile, as shown in
Figures 4 and 5, respectively. In previous studies on
chiral analysis from our lab, similar linear relationships
between ln(R) and enantiomeric excess (ee) were ob-
served [17, 19, 39]. The linear relationship of ln(R)
versus a is intrinsic to the kinetic method and it can be
derived from consideration of the kinetics and energet-
ics of dissociation. According to the kinetic method [1,
2], the natural logarithm of the ratio (R) of rate con-
stants is proportional to the differences between the free
energies changes for the competitive dissociations to
yield the two dimeric products in eq 1, i.e.,
ln R 5
D~DG!
RTeff
(4)
where R in the denominator is the gas constant, Teff is
the effective temperature of the activated trimer (the
internal energy of the subpopulation of ions capable of
dissociation [41]), and D(DG) is defined as the differ-
ence in free energies between reactions 5 and 6 whose
reverse barriers are considered negligible:
[CuII(ref)2(A) 2 H]
13 [CuII(A)(ref) 2 H]1 1 ref
(5)
[CuII(ref)2(A) 2 H]
13 [CuII(ref)2 2 H]
1 1 A
(6)
When the analyte consists of only one isomer AM or AN,
D(DG) becomes D(DG)M or D(DG)N. For an isomeric
mixture in which the molar fraction of the one isomer
AM is given by a, by analogy with the earlier derivation
[17], one can write
D~DG! 5 a z D~DG!M 1 ~1 2 a! z D~DG!N
5 D~DG!N 1 @D~DG!M 2 D~DG!N# z a (7)
and therefore the relationship between R and a can be
expressed by combining eq 4 and 7 to obtain
ln R 5
D~DG!N
RTeff
1
D~DG!M 2 D~DG!N
RTeff
a (8)
Equation 8 predicts a linear relationship between ln
R and a, and experimental data (Figures 4 and 5)
confirm the existence of such a relationship. With such
a linear calibration curve, subsequent analytical mea-
surements, in theory, require only a two-point calibra-
tion for quantitative isomeric analysis to be performed
by measuring the ratio of two fragment ions in a single
spectrum. However, it is a relatively simple matter to
use multiple solutions of different composition for
calibration purposes. Note, too, that the experimental
conditions using during calibration affect the value of
Teff; and that calibrations ideally should be performed
before each set of measurements, although the data
shown here represent daily calibrations.
Concentration Effects on R Values
In practical mixture analysis, total concentrations of
analytes are usually unknown. Therefore, the effect of
different absolute and relative concentrations of the
analyte, reference compound, and the metal ion is an
important question. A systematic study of the influence
of the change in [A]/[ref] concentration ratios on the
value of [CuII(A)(ref) 2 H]1/[CuII(ref)2 2 H]
1 (A 5
Ala-Leu, ref 5 Phe-Gly) was carried out and the results
are summarized in Table 3. The study shows that, at
least for the case examined, the relative abundance
ratios are virtually independent of the relative concen-
tration ratio of the analyte and the reference in the
Figure 4. Calibration curve for quantitative analysis of Pro-Phe/
Phe-Pro peptide isomers using Phe-Phe as the reference.
Figure 5. Calibration curve for quantitative analysis of Leu-Ala/
Ile-Ala peptide isomers using Abrine as the reference.
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solution. As a consequence, it is clear that the addition
of different concentrations of reference compounds to
the unknown sample has little effect on the accuracy of
quantitation, a practical advantage for this approach.
Isomeric Distinctions as a Function of Collision
Energy
The effect of collision energy on isomeric distinction
was studied and the results are summarized in Table 4.
With increasing collision energy, the degree of struc-
tural distinction generally decreases gradually. This is
an expected result and is a common phenomenon in
cases where thermochemical distinctions are made us-
ing the kinetic method. It is simply the result of the
effects of differences in dissociation energetics being
overwhelmed by the increasing internal energy of the
excited precursor ion. The higher the excitation energy
supplied, the smaller the relative rate ratio for dissoci-
ation to form the two competitive products [42]. The
collision energy was therefore selected so that it was
large enough to generate ions due to both of the
competitive product ions and yet not so high as to cause
further fragmentation.
It is possible to imagine extensions of these experi-
ments to the determination of entropic contributions to
the observed isomeric distinction; however, the energy
range is not defined accurately (multiple collisions in
most cases in the ion trap), and the observed trends can
only be of qualitative value. Further experiments will be
conducted on a triple-quadrupole instrument which
relatively better defines energy terms to investigate the
entropic contributions [43].
Conclusions
The kinetic method has been extended to the quantita-
tive measurement of isomeric mixtures of dipeptides.
Compared to current mass spectrometric methods for
the analysis of isomers by the examination of covalently
bound ions under conditions which result in extensive
fragmentation, the present study based on the kinetic
method provides a significantly different approach. The
spectra are simple and therefore easy to interpret.
Although the information content is low, the fragment
ion abundances are dependent on stereochemical inter-
actions that are very sensitive to isomeric form. The
experiment, along with the previous observation of
chiral analysis, represents a general and practical mass
spectrometric method for direct stereochemical analy-
sis.
This study, along with other contributions in this
Issue, reveals the extent to which metal ions, especially
transition metal ions, are playing increasingly impor-
tant roles in structural studies of biological compounds
using mass spectrometry.
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